Vertical material flux under seasonal sea ice in the Okhotsk Sea north of Hokkaido, Japan  by Hiwatari, Takehiko et al.
Available online at www.sciencedirect.comPolar Science 2 (2008) 41e54
http://ees.elsevier.com/polar/Vertical material flux under seasonal sea ice in the
Okhotsk Sea north of Hokkaido, Japan
Takehiko Hiwatari a,*, Kunio Shirasawa c, Yasushi Fukamachi c, Ryuichi Nagata d,
Tomoyoshi Koizumi e, Hiroshi Koshikawa a, Kunio Kohata b
a Asian Environmental Research Group, National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan
b Water and Soil Environment Division, National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan
c Institute of Low Temperature Science, Hokkaido University, Kita-19, Nishi-8, Kita-ku, Sapporo, Hokkaido 060-0819, Japan
d Okhotsk Garinko Tower, 25 Motomombetsu, Mombetsu-shi 094-0023, Japan
e Mikuniya Co., 3-25-10 Mizokuchi, Takatsu-ku, Kawasaki, Kanagawa 213-0001, Japan
Received 29 January 2007; revised 21 January 2008; accepted 25 February 2008
Available online 18 March 2008AbstractDownward material fluxes under seasonal sea ice were measured using a time-series sediment trap installed at an offshore site in
the Okhotsk Sea north of Hokkaido, Japan, from 13 January to 23 March 2005. The maximum fluxes of lithogenic material
(753 mg m2 day1) and organic matter (mainly detritus; 333 mgm2 day1) were recorded during the period in which sea ice
drifted ashore and increased in extent, from 13 January to 9 February. Organic matter as fecal pellets (81e93 mg m2 day1)
and opal as biosilica (51e67 mg m2 day1), representing diatom fluxes, were abundant in sediment trap samples obtained during
the period of full sea ice coverage from 10 February to 9 March. Microscopic observations revealed that fecal pellets were largely
diatom frustules, suggesting that zooplankton actively grazed on ice algae during the period of full sea ice coverage. During the
period of retreating sea ice, from 10 to 23 March, the phytoplankton flux showed a rapid increase (from 9.5 to
22.5 106 cells m2 day1), reflecting their release into the water column as the sea ice melted. Our results demonstrate that
the quantity and quality of sinking biogenic and lithogenic materials vary with the seasonal extent of sea ice in mid-winter.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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The offshore waters along the Okhotsk coast of
Hokkaido, Japan, are the southernmost area of seasonal
sea ice in the Northern Hemisphere. The first-year ice
produced in the northern Okhotsk Sea is advected* Corresponding author. Tel.: þ81 29 850 2732; fax: þ81 29 850
2569.
E-mail address: hiwatari.takehiko@nies.go.jp (T. Hiwatari).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.02.003southward along the east Sakhalin coast by both the
prevailing northerly wind and the southward flow of
the East Sakhalin Current (Ohshima et al., 2001).
The seasonal sea ice generally drifts ashore along the
Okhotsk coast of Hokkaido during January, reaching
a maximum extent during February. The ice then
moves offshore to the northeast under the influence
of southwesterly winds and begins to melt during
March, retreating progressively northward during April
(this summary is based on ice data provided by the Icereserved.
42 T. Hiwatari et al. / Polar Science 2 (2008) 41e54Information Center of the First Regional Coast Guard
Headquarters, Otaru, Hokkaido).
Kudo et al. (2006) reported that fishery resources
such as scallops, crabs, demersal fishes, and salmon
are abundant along the Okhotsk coast of Hokkaido.
Most of these fishery resources are sustained by
a food chain that starts with the spring bloom of dia-
toms following the retreat of sea ice in April (Tanaka
et al., 2003). We also previously observed wintering
benthic gammaridean individuals growing in size in
nearshore areas along the Okhotsk coast during April
(Hiwatari et al., 2004). On this basis, we assumed that
the food supply for the fishery resources and the gam-
maridean population, in relation to pelagic and benthic
coupling, was associated not only with the spring
bloom but also with the supply of organic matter flux
in the period with seasonal sea ice. This hypothesis
could not be tested at the time because of the limited
data available on material fluxes under sea ice.141° E 143° E 145° E
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rial flux e particularly that of ice algae and the fecal
pellets of zooplankton e in regions of sea ice plays
an important role in the benthicepelagic coupling of
material cycling and trophic linkages (Hobson et al.,
1995; Hoshiai et al., 1987; Leventer, 2003; Runge
and Ingram, 1991; Schnack-Schiel, 2003).
Research on the material flux beneath sea ice in the
Saroma Ko Lagoon, along the Okhotsk coast of Hok-
kaido (see Fig. 1), has been conducted since 1989
(e.g., Fukuchi et al., 1989; Michel et al., 1997; Taguchi
et al., 1997), revealing that the Chl a concentration
increases at the end of the sea ice season. The sea ice
in this case consisted of fast ice rather than pack-ice
derived from off the Sakhalin coast.
The first study to investigate downward material flux
at an offshore site during the pack-ice season was that
of Noriki and Matsubara (2002), who deployed two
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Table 1
Sampling periods for the sediment trap
Sampling bottle Sampling period in 2005 Period (days)
1 13 Januarye26 January 14
2 27 Januarye9 February 14
3 10 Februarye23 February 14
4 24 Februarye2 March 7
5 3 Marche9 March 7
6 10 Marche16 March 7
7 17 Marche23 March 7
43T. Hiwatari et al. / Polar Science 2 (2008) 41e54the first year, and 950 and 1440 m in the second year) off
Shari (see Fig. 1) on the Shiretoko Peninsula (44320N,
144440E) from October 1997 to August 1999. The au-
thors reported that the totalmass fluxwas greatest during
the sea ice season (JanuaryeApril), and showed in par-
ticular that the lithogenic and biogenic (opal and organic
material) particle fluxes made up a large component of
the total mass flux at the mooring depth of 950 m during
the early and late stages of the sea ice season in 1999;
however, the authors did not consider the origin of these
high fluxes during the sea ice season, the coldest season
of the year, when biological activity is relatively low.
In the above context, the present study was undertaken
todocument the spatial and temporal patternsof lithogenic
andbiogenic fluxes, particularly fluxes of opal andorganic
material, in relation to sea ice behavior during the pack-ice
season at an offshore site in the Okhotsk Sea north of
Hokkaido (about 14 km off the Mombetsu coast, water
depth of 60 m; see Fig. 1) from January to March 2005.
2. Materials and methods
2.1. Sea ice coverage in the study area
Fig. 1 shows a map of the study area, including the
spatial and temporal distributions of first-year ice off
the Okhotsk coast of Hokkaido from January to March
2005. Sea ice first appeared off the southeast tip of
Sakhalin on 4 January, and by 14 January the edge
of the sea ice was about 50 km off the Mombetsu coast.
The sea ice drifted ashore along the Okhotsk coast of
Hokkaido, initially along the section between Esashi
and Mombetsu, from 21 to 23 January, attaining an
eastewest width of about 150 km by 28 January. The
sea ice moved about 20e30 km offshore from the
Mombetsu coast on 5 and 6 February, returning to
shore on 7 February. The ice then attained its widest
extent, from Soya Strait to the area off Shiretoko
Peninsula (142e145E) until 20 February, from when
it repeatedly approached and retreated from the shore
until 18 March, when it moved completely offshore.
The western edge of the sea ice retreated eastward as
far as 143E on 19 March and 144E on 25 March.
The sea ice continued to move southward or northward,
depending on wind direction, with continued melting
and reduction in extent, until it disappeared from the
area south of 46N on 22 April 2005.
2.2. Sediment trap mooring
We measured the material flux under seasonal sea
ice using a Nichiyu-Giken time-series sediment trap(SMC7S-500) at a site offshore of Mombetsu in the
Sea of Okhotsk (4428.6910N, 14325.2170E, water
depth 60 m) (Fig. 1). An acoustic Doppler current pro-
filer (ADCP) and a conductivityetemperature recorder
were deployed at a site located about 800 m southeast
of the sediment trap mooring site to monitor water
temperature at a depth of 48 m, current velocity and
direction, and ice coverage. These instruments were
deployed from 6 January to 25 March 2005.
The sediment trap, comprising seven time-series col-
lecting bottles (500 ml each), was situated at 40 m water
depth (20 m above the sea floor), and the collecting pe-
riods were 7 or 14 days in duration for each of the seven
collecting bottles, over the period from 13 January to 24
March 2005 (Table 1). To avoid in situmicrobial decom-
position of the sinking particles, prior to deployment all
of the bottles were filled with highly saline filtered
seawater (ca. 8%), with NaCl added to filtered seawater
(ca. 3%) (5 g NaCl per 100 ml filtered seawater) con-
taining 1% HgCl2 solution (1 ml saturated solution of
HgCl2 per 100 ml of highly saline filtered seawater).
After recovery of the sediment trap, the collecting
bottles were immediately removed from the trap and
stored in a refrigerator until analysis at our laboratory.
2.3. Suspended solid (SS) analysis
Suspended solid (SS) concentrations, including all
suspended lithogenic and biogenic particles, were de-
termined from ADCP scatter intensity data using SS
conversion software (Sediview, DRL Software Ltd.,
England). Measured values of SS concentration are
generally used to calibrate SS concentrations deter-
mined from converted data; however, given that in the
present case SS concentrations were not directly mea-
sured at the mooring site, they were simply regarded
as relative SS density.
2.4. Chemical analyses
The sediment trap samples were divided into four
aliquots using a Folsom splitter. Three of the four
44 T. Hiwatari et al. / Polar Science 2 (2008) 41e54aliquots were sieved through 2-mm mesh to remove
large swimmers; the remaining aliquot was used to
identify and count phytoplankton and zooplankton.
The first aliquot was filtered onto a precombusted
(4 h at 450 C) and preweighed Whatman GF/F glass-
fiber filter. Filters were rinsed with distilled water and
dried in an oven at 60 C for 1 day. The dried samples
were then weighed to calculate the total mass flux.
After weighing, the dried samples were analyzed for
total particulate carbon (TPC) using a CHN analyzer
(Yanaco MT-5 model, Kyoto, Japan).
The second aliquot was filtered onto a Whatman GF/
F glass-fiber filter for analyses of chlorophyll a (Chl a)
and pheopigment (PHEO) concentrations. The filters
were kept frozen at25 C until analysis. To determine
the Chl a and PHEO concentrations, the filtered sample
was extracted in 10 ml of ice-cold 90% acetone that had
been degassed with nitrogen; extraction was performed
in the dark. Chl a and PHEO extracts were obtained by
homogenization of the filter in acetone with a glass
grinder followed by centrifugation. The extracts (25e
400 ml) of Chl a and PHEO were injected directly
into a high-performance liquid chromatographic
(HPLC) system after filtration with a Millipore FH filter
(0.5 mm pore size) (Kohata et al., 1991).
Three subsamples from the third aliquot were used
to determine biosilica (BioSi) concentrations, estimate
the contribution of fecal pellet carbon and nitrogen to
the particulate organic carbon (POC) and particulate or-
ganic nitrogen (PON) of sinking particles, respectively,
and identify the sources and trophic position of the
organic matter in the sinking particles via analyses of
carbon and nitrogen stable isotopes.
The subsample for BioSi analysis was filtered onto
a Nucleopore polycarbonate filter with a pore size of
0.6 mm. BioSi was determined using a BraneLuebbe
autoanalyzer (model AACS-II) following the method
of Paasche (1980).
Microscopic examination of sinking particles re-
vealed a predominance of fecal pellets, mostly with
cylindrical shapes. We used the fecal pellets collected
from the second subsample (10e23 February), which
contained the highest concentration of fecal pellets of
any sample collected throughout the study period, to
determine the factor used in converting fecal pellet
volume to carbon and nitrogen. We determined the
fecal pellet volume by measuring diameter and length
data under a dissecting microscope. After decalcifica-
tion with acid fumes (HCl), the measured fecal pellets
were analyzed for carbon and nitrogen using the CHN
analyzer. The obtained conversion factors for fecal
pellet carbon and nitrogen were 75.94 mg Cmm3and 5.15 mg Nmm3, respectively. To calculate the
fecal pellet carbon and nitrogen content in all subsam-
ples collected throughout the study period, the volume
of fecal pellets calculated for the subsamples was
converted to carbon and nitrogen using the above con-
version factors, and the summed carbon and nitrogen
of all fecal pellets was expressed as fecal pellet flux
(mg C or mg Nm2 day1). The conversion factor for
fecal pellet carbon obtained in this study is more
than twice that (30.6 mg Cmm3) determined by
Suzuki et al. (2001) for fecal pellets of Antarctic krill
(Euphausia superba).
The third subsample was sieved through 0.5-mm
mesh to remove small zooplankton. The sample was
filtered onto a precombusted Whatman GF/F filter, and
the filter was then exposed to HCl vapor for 4 h to re-
move carbonates before being placed in a tin cup. The
sample was analyzed for isotope ratios using a Finnigan
isotope-ratio mass spectrometer (MAT252A, Finnigan,
Germany) coupled to a Fisons element analyzer (EA-
1108, Fisons Instruments). Stable isotope ratios are
expressed in conventional d notation as per-mil (&)
according to the following equation:
dX ¼ Rsample=RstandardÞ  1
 1000;
where X is 13C or 15N and R is the corresponding
13C/12C or 15N/14N ratio.
Cell identification and enumeration of phytoplank-
ton of the fourth aliquot were performed as follows.
The sediment trap samples were concentrated to
0.1e10 ml in volume after settling for more than
24 h. The specific cell number in a concentrated sam-
ple of 0.05 ml was then enumerated under a light mi-
croscope. A total of approximately 40e600 cells
were measured in each sample. Taxonomy and diatom
systematics followed those proposed by Thomas
(1997), Medlin and Priddle (1990), and Round et al.
(1990). Zooplankton identification and enumeration
were performed under a dissecting microscope from
concentrated samples after analyzing for phytoplank-
ton, following Chihara and Murano (1997).
2.5. Phytoplankton analysis in seawater and sea ice
Phytoplankton in samples of seawater and sea ice
were collected aboard the sea ice vessel Garinko Go
off the Mombetsu coast of Hokkaido from 3 February
to 20 March 2005. Samples of surface seawater were
collected using a bucket, and blocks of sea ice covered
on the underside with brown ice algae e the blocks had
been turned over by the passage of the sea ice vessel e
were collected using a hand net and brought back to the
45T. Hiwatari et al. / Polar Science 2 (2008) 41e54onshore laboratory where they were thawed at room
temperature. Both the seawater and the thawed ice sam-
ples were preserved with 1% glutaraldehyde solution
for later microscopic analysis. The identification and
enumeration of phytoplankton were performed follow-
ing the same procedure as that described for the sedi-
ment trap samples; however, a total of 500e4000 cells
were counted in each sample volume of 1 L because
the volume was larger than that of the sediment trap.
3. Results
3.1. Hydrographic conditions
From 6 through 23 January 2005, water temperature
at a depth of 48 m gradually decreased toward 0 C,
fluctuating between 4 and 1 C and then remaining
close to 1 C until February 16, taking 6 days to in-
crease to 0 C (Fig. 2). The temperature then began to
gradually increase, varying between 2 and 2 C until
the sensors were recovered on 25 March.
Fig. 2 shows current velocity data, including a com-
ponent of tidal velocity, and current direction for a 2-m
layer between 19.5 and 21.5 m depth, providing a re-
cord of the current conditions in the water above the
sediment trap. The velocity intermittently exceeded
50 cm/s from 16 January through 5 February and dur-
ing the period after 20 March. The current flowed pre-
dominantly to the southeast.
The ADCP bottom track error velocity data can be
used to assess the coverage of sea ice. An error velocity
of less than 10 cm/s indicates that sea ice is likely to
exist above the ADCP (Belliveau et al., 1990). We6 January 1 February
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Fig. 2. Time-series data for water temperature (upper), current velocity (a
current direction (middle), and the sea ice coverage above the sediment tra
acoustic Doppler current profiler (ADCP) data (lower; black horizontal barrecorded two extended periods of sea ice coverage
above the sediment trap: from late January through
late February, and early March (Fig. 2). These periods
corresponded to the spatial and temporal distributions
of first-year ice off the Okhotsk coast of Hokkaido
(see Fig. 1).
3.2. Distribution of relative suspended solid (SS)
concentrations
The spatial and temporal distributions of relative SS
concentrations during the study period are shown in
Fig. 3. High concentrations (red colors in Fig. 3)
were almost always recorded at shallow depths (0e
20 m), except during the period from 26 February to
8 March. High SS concentrations were recorded during
periods of extensive sea ice coverage, particularly
around 24 and 28 January, 2, 8, 19, and 28 February,
and 3 and 7 March (Fig. 2).
3.3. Particle flux
The extent of sea ice coverage above the sediment
trap (Fig. 2) varied throughout the study period (Table 1).
During the period from 13 to 26 January, sea ice was
present for several days only, reflecting the approach
of early first-year ice to the region over the sediment
trap. During the period from 27 January to 9 February,
the frequency of periods of sea ice coverage showed
a gradual increase as the extent of sea ice increased.
The longest periods of sea ice coverage occurred from
10 February to 9 March, although this period still con-
tained several days without sea ice over the sediment1 March
1 March
25 March1 March
25 March
N
005
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50 cm/s
s indicated by the line lengths according to the scale provided) and
p for the period from 6 January to 25 March 2005, as derived from
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Fig. 3. Spatial and temporal distributions of the relative suspended solid (SS) concentration, based on SS values converted from acoustic Doppler
current profiler (ADCP) data. Data are shown for sediment trap sampling periods from 13 January to 24 March 2005. Blank areas indicate un-
available data.
46 T. Hiwatari et al. / Polar Science 2 (2008) 41e54trap. During the period from 10 to 23March, the periods
of ice coverage became shorter as the sea ice melted and
retreated from the area.
The total mass flux (dry weight) varied from a min-
imum of 201 mg m2 day1 during 10e16 March to
a maximum of 1158 mg m2 day1 during 13e26
January (Fig. 4(A)). Notably, total mass flux was
greater from 13 January to 9 February than during
other periods. The temporal changes in total mass
flux showed a similar trend to those in TPC.
Chl a varied from6.4 mg m2 day1 during the period
from 27 January to 9 February to 42.9 mg m2 day1during 17e23 March (Fig. 4(B)), although it was
not detected during 13e26 January. PHEO increased
from 31.2 mg m2 day1 during 13e26 January to
267.9 mg m2 day1 during the period from 24 February
to 2March, decreasing thereafter. Ratios of PHEO toChl
a by weight showed a peak of 18.2 during the period
from 24 February to 2 March.
We observed a positive correlation between the fluxes
of BioSi and fecal pellets (Fig. 4(C); Pearson’s correla-
tion coefficient test: r¼ 0.91; p¼ 0.004), but not be-
tween the flux of BioSi and cell number or between
the flux of fecal pellets and cell number (p> 0.1; Fig. 5).
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47T. Hiwatari et al. / Polar Science 2 (2008) 41e54The number of phytoplankton cells increased with
a rapid increase in cell flux during mid-March
(Fig. 5), reflecting the release of phytoplankton into
the water column from melting sea ice. In terms of spe-
cies composition, the centric diatom Thalassiosira spp.
was dominant during 13e26 January, and the pennate
diatom Fragilaria spp. was the dominant species group
during the period from 27 January to 23 February
(Fig. 5).
Preliminary microscopic observations indicate that
the dominant components of sinking particles during
the period from 13 January to 9 February were detritus
(amorphous organic matter) and inorganic matter such
as lithogenic particles. From 10 February to 9 March,
the dominant component was cylindrical fecal pellets,
and from 10 to 23 March the dominant component
was phytoplankton cells (data not shown).4. Discussion
4.1. Fluxes of total mass and lithogenic and biogenic
materials
The total mass flux varied from 201 to
1158 mg m2 day1, being higher in the early sampling
periods (13 January to 9 February) (Fig. 4(A)). A previ-
ous study that also employed a sediment trap recorded
a maximum total mass flux of 6290 mg m2 day1 at
a mooring depth of 950 m off Shari during the early
part of the sea ice season (13 January to 8 February
1999; Noriki and Matsubara, 2002); this value is more
than five times the maximum flux value recorded in
the present study. The reason for our relatively low
flux values could be the reduced collection efficiency un-
der the high current velocity encountered in the present
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48 T. Hiwatari et al. / Polar Science 2 (2008) 41e54study (around 50 cm/s); Baker et al. (1988) reported that
the collection efficiency of sediment traps is reduced at
current speeds of >12 cm/s.
Noriki and Matsubara (2002) reported that litho-
genic and biogenic (opal and organic material) particle
fluxes formed a relatively large component of the total
mass flux during the early part of the sea ice season. To
compare the present fluxes of these components rela-
tive to the total mass flux with the data of Noriki and
Matsubara (2002), we calculated the component fluxes
according to the following procedure. In general, verti-
cal material flux is expressed as the total mass flux,
which consists of the lithogenic and biogenic compo-
nent fluxes (Fischer and Wefer, 1996; Khim et al.,
2007): total mass flux ¼ lithogenic particle flux þ
biogenic particle flux, the latter of which is expressed
as a total of opal flux, organic matter flux and calcium
carbonate (CaCO3) flux.
The opal component was calculated by multiplying
the BioSi content by 2.4 (Khim et al., 2007). For the
fluxes in organic matter and CaCO3, we referred to
the ratios of total organic carbon (TOC) and total inor-
ganic carbon (TIC) to TPC (97.0 and 3.0%, respec-
tively, by weight) obtained from a sediment trap
located off Shari on the Shiretoko Peninsula during Ja-
nuaryeMarch 1999 (Noriki and Matsubara, 2002); we
did not analyze TOC and TIC contents in the present
study. The fluxes in organic matter and CaCO3 were
then determined by multiplying the TOC content by
1/0.35 (Honda et al., 1997) and the TIC content by
100/12, respectively. The lithogenic particle flux was
obtained by subtracting the biogenic flux from the totalmass flux. The lithogenic and biogenic component
fluxes, which together make up the total mass flux,
are shown in Fig. 6(A) and (B), and the relative abun-
dances of these component fluxes are shown in Fig. 7.
The lithogenic particle fluxes were greatest from 13
January to 9 February, when lithogenic material made
up more than 65% of the total mass flux (Fig. 7). The
fluxes in organic matter were high during the early
sampling periods and during the last period. The occur-
rence of high fluxes of the lithogenic and biogenic
(particularly organic material) particle components
relative to the total mass recorded during the early
sampling periods (13 January to 9 February) is consis-
tent with the findings of Noriki and Matsubara (2002),
as stated above.
The organic matter flux in the present study con-
sisted of detritus, fecal pellets, and phytoplankton
(including ice algae). In calculating the POC of the
phytoplankton, we used POC¼ Chl a 20 (Taguchi
et al., 1997), although the degradation loss of Chl
a during extended deployment might lead to under-
estimation of the phytoplankton POC. The organic
matter fluxes of the phytoplankton and fecal pellets
were then calculated by multiplying these POC contents
by 1/0.35 (Honda et al., 1997). The detritus flux was
obtained by subtracting the organic matter fluxes of
phytoplankton and fecal pellets from the total organic
matter flux. The relative contribution of these compo-
nent fluxes to the total organic matter flux is shown in
Fig. 8. The flux in fecal pellets made up more than
70% of the organic matter flux during the period from
10 February to 9 March, while the detritus flux
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flux from 13 January to 9 February and from 10 to 23
March. In contrast, the phytoplankton flux was rela-
tively low, contributing just 1.3% of the total organic
matter flux during 17e23 March, when the phytoplank-
ton density was at its maximum (Fig. 5). The low con-
tribution of phytoplankton might reflect degradation
losses incurred during extended deployment.R
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50 T. Hiwatari et al. / Polar Science 2 (2008) 41e54Table 2), indicating that phytoplankton were the source
of the organic matter (Hobson et al., 1995). In contrast,
d15N varied widely, from 5.0 (17e23 March) to 12.1&
(13e26 January). d15N typically increases by 3e4& at
each step in the food chain from prey to predator
(Minagawa and Wada, 1984). Previous studies have re-
ported d15N values for primary producers of 5.0& in
the Bering Sea (Minagawa and Wada, 1984) and 4.8
and 5.0& in the Northeast Water Polynya (Hobson
et al., 1995), similar to values obtained in the present
study for organic matter (mainly phytoplankton) dur-
ing 17e23 March. The maximum d15N value of
12.1& recorded for organic matter during 13e26 Jan-
uary indicates that the organic matter was derived from
predators with a trophic position of about two steps
higher than that of primary producers.
4.3. Variability in sinking particle components with
sea ice behavior
We observed temporal variations in the quantity and
quality of biogenic and lithogenic sinking particles,
and the total observation period was divided into three
periods that correspond to the temporal behavior of sea
ice: period of drifting ashore and increasing extent,
period of full sea ice coverage, and period of retreating
sea ice.Table 2
Stable carbon and nitrogen isotope ratios (expressed as d13C and d15N, resp
2005
13e26 January 27 Januraye9 February 10e23 February
d13C (&) 23.7 23.4 23.5
d15N (&) 12.1 11.4 10.3
C:N 6.0 5.6 5.74.3.1. Period of sea ice drifting ashore
and increasing extent
The total mass flux was greatest during the period
from 13 January to 9 February, when particulate mate-
rials on the early first-year ice were released into thewa-
ter column as the sea ice melted with seawater
temperatures of >0 C. Ohshima et al. (2001) visually
observed ice melt around the margins of the area of
sea ice on 9 February 1997, about 140 km northeast of
Mombetsu. In this area, first-year ice floes had been ad-
vected from the north via the main stream of the south-
ward current. Furthermore, chemical analyses of 17
blocks of sea ice collected offshore from the Okhotsk
coast between 4 and 9 February 1999 showed total par-
ticulate matter (TPM) concentrations ranging from 51.6
to 205 mg l1 (Granskog, 1999). For these samples,
particulate inorganic matter comprised between 0 and
84.5% (mean¼ 24%) of TPM, and organic matter com-
prised between 16 and 100% (mean¼ 75%). These
findings suggest that all of the inorganic and organic
particles in and on the sea ice were released into the
water column when the sea ice melted.
Lithogenic particles that occur on the sea ice as
ice-rafted debris (IRD), defined here as terrigenous
coarse-fraction sediments, are also released into the
water column when the sea ice melts (Hebbeln,
2000; Nakatsuka et al., 2004). For example, Hebbelnectively), and C:N ratios (wt:wt) during different sampling periods in
24 Februarye2 March 3e9 March 10e16 March 17e23 March
22.8 23.3 24.0 23.8
8.8 10.3 9.0 5.0
5.7 6.0 6.2 6.1
51T. Hiwatari et al. / Polar Science 2 (2008) 41e54(2000) observed a high early-winter lithogenic mate-
rial flux in the North Atlantic as a result of the release
of IRD when advancing first-year ice from polar
regions melted in sea surface water with temperatures
of >0 C.
In the present study, a large amount of lithogenic
material derived from IRD was collected following
the melting of sea ice off the Okhotsk coast during
the period from 13 January to 9 February (Fig. 6(A)),
when early first-year ice approached the coast and
melted. The high SS concentrations in the upper water
column during this period (Fig. 3) indicate that much of
the recorded lithogenic material was derived from par-
ticulate material transported upon the early first-year
ice as IRD. This interpretation is strongly supported
by the fact that two elliptical pebbles of conglomerate
(long axes of 5.1 and 6.0 mm) were collected in the
sample obtained during the period from 27 January to
9 February; the pebbles were not included into the
flux data of the total mass in the present study because
their size was greater than 2 mm. It would be impossi-
ble for pebbles of this size to have been re-suspended
from the sea floor under the current speed of around
50 cm/s known to have occurred at this time (data not
shown) at about 10 m above the bottom; it is also un-
likely that they were carried 14 km from the Mombetsu
coast by strong winds. In contrast, some of the litho-
genic materials, particularly silt- to clay-sized grains,
would have been directly transported from land to the
sea surface by the strong prevailing northerly wind;
however, it is difficult to identify those particles derived
from strong wind in the present study.
The organic matter flux, particularly that of detritus,
was also high during the period from 13 January to 9
February (Figs. 6(A) and 8). The high SS concentra-
tions recorded in the upper water column during this
period indicate that the detritusewhich was the dominant
component of the organic matter e was sourced from
early first-year ice along with lithogenic particles. As
mentioned above, the fact that organic matter (which
comprised 75% of the total particulate matter, ranging
from 51.6 to 205 mg l1) was found in the early
first-year ice offshore from the Okhotsk coast in early
February (Granskog, 1999; but note that the components
of the organic matter remain unknown) indicates that
decomposition of the organic matter to detritus via the
processes of heterotrophic organisms would have
occurred in the early first-year ice prior to melting.
4.3.2. Period of full sea ice coverage
During the period from 10 February to 9 March,
when persistent ice cover was recorded, the fecalpellets of zooplankton were the dominant component
of sinking particles (Fig. 4(C)). In particular, organic
matter comprising fecal pellets contributed more than
70% of the total organic matter flux (Fig. 8). We also
observed a large number of diatom frustules in the
fecal pellets (data not shown). It is widely reported
that the rate of phytoplankton growth and zooplankton
grazing are reduced under low-temperature conditions
(Eppley, 1972; Wlodarczyk et al., 1992); however,
the present data demonstrate the occurrence of fresh
phytoplankton as ice algae beneath the sea ice and
the active grazing and egestion of zooplankton during
the season of ice cover.
The abundance of fecal pellets in the organic matter
flux recorded during mid-winter would have contrib-
uted to the supply of food to the benthic organisms
offshore from the Okhotsk coast of Hokkaido. Fecal
pellets from zooplankton such as krill and copepods
are known to contribute to particulate flux (Beaumont
et al., 2001; Bodungen, 1986; Sasaki et al., 1997;
Wefer et al., 1988) and play an important role in
pelagic and downward transport, as well as the benthic
coupling of material cycling and trophic linkages
(Gonzalez, 1992; Suzuki et al., 2001; Wassmann
et al., 1991).
Cylindrical fecal pellets greater than 1 mm in
length and elliptical pellets less than 1 mm are known
to be derived from euphausiids and copepods, respec-
tively (Sasaki et al., 1997). In the present study, the
sampled fecal pellets were almost exclusively cylindri-
cal in shape, some of which were greater than 1 mm in
length (data not shown). This indicates a euphausiid
origin (Drs. Uye, Hiroshima University, and Shin,
Korea Ocean Research and Development Institute,
personal communication, based on observations of
photographs of the obtained fecal pellets), although
only a single species of euphausiid, Thysanoe¨ssa
inermis, was observed in the obtained zooplankton
samples (Table 3). In contrast, many copepod species
were identified, with Metridia pacifica, Oithona similis
and Pseudocalanus spp. being most abundant.
Suzuki et al. (2003) used the DNA extracted from
the peritrophic membrane of fecal pellets to identify
zooplankton species. In a future study, we intend to
use this method of DNA analysis to identify the zoo-
plankton species that produced the fecal pellets col-
lected in the present study.
4.3.3. Period of sea ice retreat
During the period from 10 to 23 March, Chl a and
phytoplankton cell numbers captured as cell flux
in sediment trap samples showed a rapid increase
Table 3
Zooplankton flux (including swimmers) collected in the sediment trap during different sampling periods in 2005
Flux (number m2 day1)
13e26
January
27 Januarye
9 February
10e23
February
24 Februarye
2 March
3e9 March 10e16 March 17e23 March
Gastropoda
Limacina helicina 629 476 583 399 184 246 92
Clione limacina 123 0 15 0 0 31 0
Polychaeta 0 0 0 0 0 0 61
Crustacea
Copepoda 0 31 123 0 123 184 31
Acartia longiremis 0 15 31 0 0 0 0
Acartia spp. 0 15 0 0 0 0 0
Calanus glacialis 0 60 60 30 60 90 90
Eucalanus bungii 15 0 0 0 0 0 0
Mesocalanus tenuicornis 30 15 15 0 0 90 120
Metridia okhotensis 15 15 0 0 0 0 0
M. pacifica 135 360 60 450 210 420 990
Neocalanus cristatus 0 0 0 0 0 60 150
Oithona atlantica 15 15 0 60 0 30 30
O. similis 150 75 75 210 210 90 210
Paraeuchaeta spp. 15 15 0 31 0 0 0
Pseudocalanus spp. 15 330 435 300 480 300 210
Scolecithricella minor 0 0 30 0 0 0 0
Isopoda 30 0 30 30 0 0 0
Amphipoda
Parathemisto japonica 15 15 0 0 30 0 0
Gammaridea 15 15 15 0 0 120 30
Euphausiacea
Thysanoe¨ssa inermis 15 0 0 0 0 0 0
Decapoda 0 0 0 0 0 0 60
Unknown egg 0 0 0 0 0 1650 0
52 T. Hiwatari et al. / Polar Science 2 (2008) 41e54(Figs. 4(B) and 5), although their contribution to the to-
tal organic matter was relatively low. The distribution
of sea ice (Fig. 1) and ice coverage over the sediment
trap during this period (Fig. 2) supports the interpreta-
tion that the increase in phytoplankton cell numbers re-
sulted from their release into the water column from
melting sea ice. The release of ice algae from melting
sea ice, which has been studied previously in Hudson
Bay, Canada (Tremblay et al., 1989), in the Weddell
Sea (Riebesell et al., 1991), and at Saroma Ko Lagoon
in Hokkaido (Taguchi et al., 1997), has been proposed
as a mechanism for seeding the subsequent phyto-
plankton blooms.
During the period from 17 to 23 March, when the
sea ice was melting, Fragilaria spp. showed a decrease
in relative abundance, whereas Chaetoceros spp. in-
creased (Fig. 5). Chaetoceros spp. also showed an in-
crease in relative abundance among phytoplankton
collected from surface waters off the Mombetsu coaston 20 March 2005 (Table 4). Thalassiosira spp. was
predominant both at the sea surface and in the sea
ice as ice algae. The species group composition and
relative abundance of ice algae varied considerably be-
tween each sampling sites.
In summary, the present study demonstrates that
the quantity and quality of biogenic and lithogenic
sinking particles vary with the temporal behavior of
sea ice, and that organic matter, particularly detritus
and fecal pellets of zooplankton, plays an important
role in the pelagicebenthic coupling of trophic link-
ages and material cycling in the Okhotsk Sea north
of Hokkaido.
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